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maximum medical treatment, including iv. inotropes. The
aortic valve was directly closed with a ruaning 5-0 polypro-
pyiene suture under cardiac arrest.

Two patients with Toyobo biventricular support {patients 4
and 3) received conversion to 2 implantable devices: the Dura-
Heart as teft ventricular support and a Jarvik 2000 axial-flow
pump s right ventricular support.’* The Toyobo inflow cuff
in the right ventricular free wall had to be replaced with a
Jarvik 2000 inflow cuff because of the size difference, Care
was taken to position the Jarvik 2000 pump towards the tricus-
pid valve 1o avoid flow obstruction by sucking on the right
ventricular wall or interventricular septur, The anterior leaflet
of the wricuspid valve was excised or sutured to the ventricular
free wail, In patient 4, direct closure of the pulmonary valve
was also carried out for severe pulmonary insufficiency.

The operative times and postoperative course are summa-
rized in Tabie 2. The mean operation time of the 5 patients
who underwent isolated LVAD conversion was 31854 min
(range, 251-387 min), The mean CPB time of those patients
was 05427 min (range, 39-103 min).

‘There was no hospital mortality. Chest re-exploration was
required for bleeding in 2 patients who underwent conversion
to implamtable BiVADs, All patients, except patient 5, who
required tempordl tracheostomy, were extubated on postop-
erative day 1 or 2. Al} patients were discharged following a
mean postoperative hospital stay of 77 days.

The mean duration of DuraHeart support was 388 days
{range, 30-631 days). No neurological complication or sig-
nificant hemolysis was noted in all patients. One patient
(patient 6) successfully received a heart transplant 176 days
after the conversion. Six patients are now at home awaiting
heart transpiantation.

Two patients {patients 2 and 3) developed pump pocket
infection. They had a fimited Jocal infection or minor erosion
around the skin exit site of the Toyobo (Figure 2A3, and
operative findings indicated no major abscess around the
inflow/outflow cannulae. It was necessary for them to undergo
an amental fap procedure, however, 2 and 6 months after con-
version, respectively. At the time of writing they had no recur-
rence of infection for 11 months and 19 months, respectively.

One patient (paticnt 5) died 10 months after the operation.
This patient underwent conversion to the implantable BiVAD
{DuraHeart and Jarvik 2006} after 224 days of Toyobo BiVAD
support. This patient had methicillin-resistant Staphylococcus
anreus infection of the Toyobo cannula exit site prior 1o con-
version (Figure 2B), Computed tomography (CT) showed
only local infection around the cannula exit site but, during the
operation, the infection was found to have reached the Toyobo
RVAD inflow cuff and aggressive debridement and an omen-
tal flap procedure were added, The postoperative course was
uneveniful and she was discharged with no sign of infection,
This patient was re-hospitalized, however, 10 months after
surgery because of the acute onset of spiking fever and even-
tually died from sepsis. Auiopsy showed extensive mediasti-
nitis and pump pocket infection.

One patient (patient 6) experienced a device malfunction
and required a device exchange after 259 days of DuraHear
LYAD support. Failure of magnetic levitation occurred
through z fracture on a position sensor wire in the percutane-
ous cable. Device exchange was successfuily performed using
a subcostal approach without a repeat sternotomy. ¥

Discussion
Although beart transplantation remains the gold-standard

therapy for end-stage heart failure, the severe donor organ
shortage in Japan forees patients on LYAD support to wait >2
years for transplantation. The Toyobo paracorporeal LVAD,
which has been the only device covered by Japanese national
insurance for a long time, has many problems in long-term
use. We have previously reported that the actuarial survival
rate has been improved recently, but actuarial survival rate of
patients on Toyobo LVAD support in 20032007 was 66.3%
at 6 months and 45.9% at 1 year.!! We have also reported that
Toyobo LVAD was the independent risk factor for device-
related infection, and freedom from LVAD-related infection
was only approximately 30% at 6 months and 20% at | year,
Freedom from cerebral stroke events was approximately 50%
at 6 months and 35% at 1 year?

To resolve this unacceptable situation in Japan, clinical ti-
als of 4 implantable continuous-flow LVADs (DuraHeart,
EVAHEART, Jarvik 2000, HeartMate 1) have been carried
out in Japan, and the results of these trials were favorable. A
recently conducted multi-center, randomized controlled trial in
the USA demonstrated the superiority of the implantable con-
tinoous-flow device compared to the first-generation pulsatile
device.” DuraHeart is the world's first approved, magnetically
levitated centrifugal left ventricular assist system, which elim-
inates all mechanical contacts between the impeller and the
drive mechanism, thereby providing superior durability, with
reduced fikelihood of thrombus and hemaolysis. In an early
clinical study managed in Europe, the adverse event rates per
patient-years for major adverse events during DuraHeart sup-
pori were acceptable in comparison with those of the second-
generation axial-low LVADs &1 Morshuis et al reported
that the driveline or pocket infection rate of DursHeart LAVD
was (.27 per patient-year, which was reduced by 90% com-
pared with that of HeartMate VE, the pulsatile device, and was
comparable to that of HeartMate 1L, a smali axial-flow device.
The rate of neurciogical events in DuraHeart was 0.21 per
patient-year, which was 50% less than that of HeartMate VE
and comparabie to that of HeartMateI1.14.47

Considering these recent outcomes, it is expected that eon-
version to implantable LVAD from Toyobo LVAD will pro-
vide better survival if the operation is performed safely. In
addition, a patient with an implantable LVAD can be dis-
charged home. This holds great advantages for QOL and
health economics.

In the conversion procedure, the apical cuff of the Toyobo
VAD can be used with the DuraHeart inflow conduit, so it is
not necessary o replace the Toyobo apical cuff with that of the
DuraHeart, which allows operation time to be shortened and
the risk of bleeding reduced. This is especially beneficial in
pure LVAD conversion, In 5 cases of isolated LVAD conver-
sion (patients 1, 2, 6, 7, 8} the mean CPB time for those
patients was relatively short, and all conversion operations
were performed safely with no patients requiring re-explora-
tion for bieeding. For pure LY AL conversion, we consider the
operative risk to be relatively low. In the BIiVAD conversion,
however, operative risk is much higher because some addi-
tional procedures are required.”® The present 2 patients required
re-exploration for bleeding and prolonged ventilation, but they
could be discharged hore finally. Considening the poor clini-
cal results of Toyoho BIVAD support, although certain risks
remain, convession to implanuable VADs s beneficial for these
patients.

Although certain risks of the conversion operation may still
remain, we consider the risk of continuing Toyobo device for
>1 year 1o be higher than the operative risk. This strategy,
however, alse carries & certain risk. In the present serdes, 3 of

Cireptation Joumnal Vol 78, Febgry 2012

283



376

YOSHIOKA D et al.

the 8 patients developed device pocket infection. We usually
sterilize cannuia site every day and in the case of minor ero-
sion or focal infection, repeated culture are examined. If there
is an active infection with pus or abscess around the exit site,
daily lavage with saline is added. But, as previously men-
tioned, we reported that Toyobo LVAD was one of the inde-
pendent risk factors for device-related infection.!! We have
also reported that device-related infections at various locations
were observed in 68.9% of all Toyobo patients, Inflow/out-

flow cannula exit site infection was observed in 31.1% of

patients. Although the infectious events occurred most fre-
quently in the first 6 months afier LVAS implantation, events
continued to occur thereafter. The infection-free rate improved
by year of implantation, but the infection-free rate was approx-
imately 70% at 6 months and only 50% at 1 year in 2003~
2007.1 Therefore, careful attention must be paid to Toyobo
exit site infection prior 1o conversion. One patient (patient 3)
had minor tissue erosion around the exit site of the Toyobo
cannula and the other 2 patients {(patients 2 and 3) had local
infection of the Toyobo cannula exit site prior to conversion.
Preoperative CT and laboratory data showed no sign of sys-
temic infection or mediastinitis in all patients. During the
conversion operation, the skin exit site was carefully removed
and aggressive debridement performed if any local infection
was noted during the operation. Nevertheless, all 3 patients
developed pocket infection. In the debridement and omental
flap procedures, a large amount of abscess in the pump pocket
was found in all 3 patients. Two patients recovered without
any recurrence but 1 patient with biventricular support died
from uncontroliable sepsis. Even a superficial infection of the
canpula exit site is considered 1o be a significant risk for devel-
oping refractory pocket infection after conversion, which leads
to fatal complications. From these experiences, we now con-
sider this procedure to be a contraindication if a patient has
any signs of infection at the Toyobo LVAD cannula exit site.

Conclusion

We have reported our initial experience with conversions from
the Toyobo LVAD to the DuraHeart. The procedure was per-
formed safely, and clinical outcomes were satisfactory. The
replacement of Toyobo LVADs with DuraHeart LVADs will
be highly advantageous in patients with Toyobo LY ADs with-
out any device infection.
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Background: Clinical application of skeletal myoblast transplantation has been curtailed due to arrhythmogenicity
and inconsistent therapeutic benefits observed in previous studies. However, these issues may be solved by the
use of a new cell-delivery mode. It is now possible to generate “cell-sheets” using temperature-responsive dishes
without artificial scaffolds. This study aimed to validate the safety and efficacy of epicardial placement of
myoblast-sheets (myoblast-sheet therapy) in treating heart failure.
Methods and results: After coronary artery ligation in rats, the same numbers of syngeneic myoblasts were trans-
planted by intramyocardial injection or cell-sheet placement. Continuous radio-telemetry monitoring detected
increased ventricular arrhythmias, including ventricular tachycardia, after intramyocardial injection compared
to the sham-control, while these were abolished in myoblast-sheet therapy. This effect was conjunct with avoid-
ance of islet-like cell-cluster formation that disrupts electrical conduction, and with prevention of increased
arrhythmogenic substrates due to exaggerated inflammation. Persistent ectopic donor cells were found in the
lung only after intramyocardial injection, strengthening the improved safety of myoblast-sheet therapy. In addi-
tion, myoblast-sheet therapy enhanced cardiac function, corresponding to a 9.2-fold increase in donor cell sur-
vival, compared to intramyocardial injection. Both methods achieved reduced infarct size, decreased fibrosis,
attenuated cardiomyocyte hypertrophy, and increased neovascular formation, in association with myocardial
upregulation of a group of relevant molecules. The pattern of these beneficial changes was similar between
two methods, but the degree was more substantial after myoblast-sheet therapy.
Conclusion: The cell-sheet technique enhanced safety and therapeutic efficacy of myoblast-based therapy, com-
pared to the current method, thereby paving the way for clinical application.

© 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Despite pre-clinical evidence showing that transplantation of skele-
tal myoblasts (SMBs) greatly improves the function of damaged hearts
mainly via the paracrine effect { 1], the use of this cell type in clinical cell
therapy has been largely curtailed. This was mainly due to two adverse
findings in previous clinical studies: occurrence of fatal ventricular ar-
rhythmias and insufficient or inconsistent therapeutic effects {1,2}. We
speculate that these issues were associated with the use of a suboptimal
cell-delivery method, and that application of a more suitable method
may solve both of these concerns.

* Grant support: this work was supported by the UK National Institute of Health Research
(New and Emerging Applications of Technology Programme (NEAT L018) and Cardiovascular
Biomedical Research Unit Award), and the Barts and The London Charity (ETHG1B8R).

* Corresponding author at: William Harvey Research Institute, Barts and The Lon-
don School of Medicine and Dentistry, Charterhouse Square, London, ECIM 6BQ, UK.
Tel.: +44 20 7882 8233; fax: 444 20 7882 8256.

E-mail address: ken.suzuki®gmul.ac.uk (K. Suzuki).

0167-5273/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
hitp://dx.doi.org/10.1016/j.ijcard.2012.09.081

The commonly used cell-delivery method in previous studies is di-
rect intramyocardial injection of trypsin-treated SMB suspensions
{1.2}. This method is, however, known to produce islet-like localized
cell-clusters, which could cause disturbance of the electrical conduc-
tion, leading to re-entrance arrhythmias [3-5}. In addition, this method
is associated with considerable donor cell loss by initial leakage and by
cell death/damage due to injection-mediated mechanical injury and
subsequent myocardial inflammation. Additional donor cell damage is
caused by the enzymatic digestion (i.e. trypsinization) used for cell col-
lection from culture dishes [5-7]. Trypsinization disrupts cell surface
proteins and destroys cell-cell connections, thus deteriorating donor
cell viability and functionalities. These adverse effects would collective-
ly result in poor donor cell engraftment, which will consequently limit
the benefit from this approach [1}.

Recent development of the unique culture dish coated with a
temperature-responsive polymer ( poly-N-isopropylacrylamide) has en-
abled fabrication of “cell-sheets” simply by reduction of the temperature
without any harmful chemical treatment and without using artificial
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scaffolds [7]. At 37 °C this polymer is hydrophobic, and cells can adhere
to the dishes and grow. However, when the temperature is dropped to
25 °C or below, the polymer rapidly becomes hydrophilic, hydrated
and swollen, losing its cell-adhesiveness. As a result, the cells detach
from the dish as a free cell-sheet. In contrast to trypsinization, cell sur-
face proteins, cell-cell junctions and underpinning extracellular matrix
(ECM) are well preserved in this method. Following epicardial place-
ment, cell-sheets are expected to quickly adhere to the heart due to
the preserved ECM, minimizing donor cell leakage. Taken together, the
epicardial placement of SMB-sheets (SMB-sheet therapy) is likely to
achieve greater retention, survival, and engraftment of donor SMBs in
the heart while maintaining important donor cell functionalities includ~
ing the secretion of paracrine mediators, resulting in augmentation of
therapeutic benefits, compared to intramyocardial injection. In addition,
this innovative method will not produce intramyocardial tissue disrup-
tion that disturbs the electrical conductance, and therefore might pre-
vent occurrence of ventricular arrhythmias. In fact, therapeutic effects
of SMB-sheet therapy have been reported in various models {8-10].
However, more detailed pre-clinical investigations, particularly on ar-
rhythmia occurrence and other factors concerning the safety and effects,
are needed for this approach to be widely established in the clinical
arena.

2. Materials and methods

All animal studies were performed with the approval of the institutional ethics com-
mittee and the Home Office, UK. The authors of this manuscript have certified that they
comply with the Principles of Ethical Publishing in the International Journal of Cardiclogy
{11]. All procedures were carried out in a blind manner whenever possible.

2.1. Generation of SMB-suspensions and SMB-sheets

SMBs were collected from male Lewis rats (150-175 g, Charles River) by the single
fiber method as previously described [5,12]. To generate an SMB-sheet, 4x 10° SMBs
(passage 4-5) were seeded on a 35-mm temperature-responsive culture dish (UpCell,
CellSeed, Inc.). Following 12-15 h incubation at 37 °C, the temperature was lowered to
22 °C, enabling the SMB-sheet to detach from the dish {8]. For injection, 4x 10° SMBs
were collected using trypsinization and suspended in 200 pl PBS [5]. The size of gener-
ated SMB-sheets was approximately 15 mm in diameter. For graft tracking studies,
SMBs were labeled with CM-Dil (Molecular Probes) according to the manufacturer's
protocol.

2.2, Induction of myocardial infarction (MI) and SMB transplantation

Female Lewis rats (180-200 g, Charles River) underwent left coronary artery ligation as
previously described {3,5]. The animals were randomly assigned to receive either SMB-sheet
therapy (Sheet group), intramyocardial SMB injection (IM group), or sham-treatment (Cont
group). For the Sheet group, an SMB-sheet was epicardially placed to cover the left ventric-
ular (LV) free wall including both infarct and border areas. For the IM group, SMB suspen-
sion was injected into 2 sites (100 pl each) of the LV free wall, aiming to target a similar
area to SMB-sheet therapy [3,5].

2.3. Measurement of arrhythmia occurrence

Incidence of spontaneous arrhythmias, including premature ventricular contraction
(PVC), ventricular tachycardia (VT) and ventricular fibrillation (VF), was continuously
monitored by a radio-telemetry system (Data Sciences International) as described previ-
ously {3,5]. For accurate evaluation of the arrhythmia severity, the modified Curtis and
Walker's scoring system {13} was applied, where frequencies of PVC, VT and VF were sys-
tematically taken into account.

2.4. Histological analysis

At chosen time points, the hearts were excised, fixed with 4% paraformaldehyde, and
frozen. Cryosections were cut and incubated with polyclonal anti-cardiac troponin-T anti-
body (1:200 dilution, HyTest), biotin conjugated Griffonia simplicifolia lectin l-isolectin By
(1:100, Vector), monoclonal anti-CD45 antibody (1:50, BD), monoclonal anti-CD11b
antibody (1:50, Chemicon), monoclonal anti-granulocyte antigen (1:20, AbD Serotec),
monoclonal OX62 (1:25, AbD Serotec), polyclonal CD3 (1:100, Abcam), or monoclonal
connexind3 (Cx43; 1:250, Millipore), followed by visualization using appropriate
fluorophore-conjugated secondary antibodies with or without nuclear counter-staining
using 4’,6-diamidino-2-phenylindole (DAPI). Ten different fields from each of the border
and remote areas per heart were randomly selected and assessed. Another set of sections
were stained with 0.1% picrosirius red for assessing infarct size and for detecting collagen de-
position {3,5]. To evaluate the cardiomyocyte size, the cross-sectional area of appropriately

detected cardiomyocytes |14] was measured of 50 cardiomyocytes in each border and re-
mote area per heart.

2.5. Evaluation of cardiac performance

Cardiac function and dimensions, and hemodynamic parameters were measured by
using echocardiography (Vevo-770, VisualSonics) and cardiac catheterization (SPR-320
and PVAN3.2, Millar Instruments) by a blinded operator as previously described [3,5,14],

2.6. Analysis for donor cell survival in the heart and other organs

DNA was extracted from the heart, lung, liver, kidney, and spleen post treatment.
The presence of male cells in each female organ was quantitatively assessed to define
donor cell presence using real-time PCR (Prism 7900HT, Applied Biosystems) for the
Y-chromosome-specific sry gene as previously described [3,5]. Non-heart organs that
were positively detected for sry expression were defined to be ectopic donor cell
survival,

2.7. ELISA for myocardial IL-1p levels

Proteins were extracted from the homogenates from frozen whole LV samples col-
lected at day 3 post-treatment with lysis buffer (0.15 M NaCl, 1 mM EDTA, 20 mM Tris
pH 7.4, 1 mM DTT and protease inhibitor cocktail (Sigma)). After measuring the pro-
tein concentration (BioRad DC protein assay), levels of IL-1 were measured using
an ELISA kit (eBioscience) according to the company's instruction.

2.8. Analysis for myocardial gene expression

Total RNA was extracted from frozen whole LV samples and assessed for myocardial
gene expression of genes presumably relevant to the SMB-mediated paracrine effect by
quantitative RT-PCR (Prism 7900HT) as previously described [15]. TagMan primers and
probes were purchased from Applied Biosystems. Expression was normalized using
Ubiquitin C.

2.9. Statistical analysis

All values are expressed as mean +SEM. Statistical comparison of the data was per-
formed using the Student's unpaired t-test for the donor cell survival in the heart and
using y*-test for the ectopic donor cells. Other data were analyzed with one-way ANOVA
followed by Fisher's post-hoc analysis to compare groups. A value of p<0.05 was consid-
ered statistically significant.

3. Results
3.1. Eliminated arrhythmia occurrence by SMB-sheet therapy

We established a rat model to investigate whether the use of the
cell-sheet technique might reduce arrhythmogenicity associated with
SMB transplantation. Continuous electrocardiogram monitoring using
radio-telemetry revealed frequent episodes of premature ventricular
contractions (PVCs) in the IM group at both day 1 and 28 (Fig. 1A, C)
consistent with previous clinical and experimental reports {1,5], validat-
ing the suitability of this model. There was a smaller number of PVC oc-
currence observed in the Cont group, which is also commonly seen
post-MI [5,12], and more importantly the frequency of PVCs in the
Sheet groups was just comparable to this base-line data. Furthermore,
the IM group showed more frequent ventricular tachycardia (VT) occur-
rence than other groups; more than one-third of the animals in the IM
group developed VT (Fig. 1B, D). Furthermore, one animal of the IM
group developed transient ventricular fibrillation (VF) at day 28. In con-
trast, there was no animal that developed VT or VF in the Sheet group
throughout the period studied. Consequently, the IM group, but not
Sheet group, showed a higher arrhythmia score than the Cont group
(Fig. 1E). These data are the first quantitative evidence that SMB
transplantation-induced arrhythmogenicity can be prevented by the
use of the cell-sheet technique.

3.2. Donor cell behaviors after SMB-sheet therapy

To gain an insight of the mechanism by which SMB-sheet therapy
attenuated arrhythmogenicity, we first assessed the quantitative donor
cell survival (presence). As a result, the donor cell presence in the heart
in the Sheet group was 3.5-fold and 9.2-fold higher than that in the IM
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Fig. 1. Eliminated arrhythmogenicity by SMB-sheet therapy. Arrhythmia occurrence was assessed by continuous electrocardiogram monitoring using radio-telemetry. Representative patterns
of PVC (A) and VT (B) in the IM group at day 28 are shown. The IM group, but not the Sheet group, increased the occurrence of PVC (C) and VT (D; % animals) and consequently elevated the
arthythmnia score (E; accumulated hourly scores for 6 h), in association with elongated QRS duration, at day 28 (F), compared to the Cont group. *p<0.05 vs. Cont group, ¥p<0.05 vs. Sheet group,

n=~6-8 in the Cont, IM, and Sheet groups, respectively.

group at day 3 and 28, respectively (Fig. 2A). This meant that SMB-sheet
therapy achieved much greater SMB existence in the heart, but contra-
dictorily reduced arrhythmia occurrence, suggesting that changes in
the donor size was not a reason for the eliminated arrhythmogenicity
after SMB-sheet therapy. We then looked into the differences in distribu-
tion and associated behaviors of SMBs between two methods by histo-
logical studies with tracking CM-Dil-labeled SMBs. As expected from
previous studies [5], the IM group formed islet-like, localized cell-
clusters composed of donor SMBs and host CD45™ inflammatory cells
at day 3 (Fig. 2B, F), which persisted up to day 28 with a reduced size
(Fig. 2C, G). In addition, immunolabelling for Cx43 demonstrated that
grafted SMBs expressed Cx43 protein (though to a limited extent) within
the cell-clusters at day 3 in the IM group (Fig. 2]), but there was no Cx43-
containing gap junction formation between SMBs and cardiomyocytes
on day 3 or 28 (Fig. 2J, K). In contrast, the donor cell distribution was
markedly different after SMB-sheet therapy; the majority of donor cells
remained on the epicardial surface at both day 3 and 28 in the Sheet
group, thus obviating the induction of myocardial heterogeneity or

disruption (Fig. 2D, E, H,I). Also, there was no gap junction formation be-
tween SMB-sheets and cardiomyocytes after SMB-sheet therapy (Fig. 2L,
M). Collectively, intramyocardial SMB injection caused the donor cell
clusters with intense inflammation within the myocardium, which was
electrically isolated from host cardiomyocytes, causing physical distur-
bance to electrical impulse propagation, and resulting in conduction
delay, block, and eventually re-entrance arrhythmias. In contrast, SMBs
were localized on the epicardial surface (outside myocardium) after
cell-sheet placement and did not affect the electrical conductance of
the host heart. Corresponding to these findings, the QRS duration was
elongated at day 28 in the IM group compared to other groups (Fig. 1F).

3.3. Prevention of exacerbation of myocardial inflammation by SMB-sheet
therapy

Another possible mechanism by which SMB transplantation induces
ventricular arrhythmias may be an increase in the arrhythmogenic sub-
strates, including inflammatory response, Post-MI failing cardiomyocytes
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Fig. 2. Donor cell behaviors after SMB-sheet therapy. Quantitative assessments showed that donor cell survival (% of donor cell number existing in the heart) was higher in the Sheet group than
in the IM group at both day 3 and 28 (A). 'p<0.01 vs. IM group, n =4-6 in each point. Immunofluorescence showed that clusters of SMBs and CD45™" inflammatory cells were formed in the IM
group at day 3 (B, F) and 28 (C, G), while these intramyocardial heterogeneities were absent in the Sheet group, in which most of donor cells retained on the epicardial surface (D, H for day 3; E,
1 for day 28). Immunolabelling for Cx43 showed that there was no obvious gap junction formation between SMBs and host cardiomyocytes in both the IM (J, K) or Sheet group (L, M) at either
day 3 or 28. Orange signals for SMBs (CM-Dil); blue for nuclei (DAPI); green for cardiac Troponin-T (cTnT) in (B-E), for CD45 in (F-1) or for Cx43 (J-M). Scale bar =1 mm in (B-E) and 30 pmin
(F-M). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

suffer adverse alterations of cellular properties including inappropriate
gap junction expression/distribution and electrical instability, which
will increase vulnerability to arrhythmogenic stimuli {16]. Our
immunolabeling analyses demonstrated that there was increased accu-
mulation of CD45% inflammatory cells globally into the host myocardi-
um post ML, both at border and remote areas, in the Cont group
(Fig. 3A). More importantly, this inflammatory response was further ex-
acerbated in the IM group widely and persistently, while in contrast this
exacerbation was prevented in the Sheet group. The IM group increased
the accumulation of granulocytes (Fig. 3B), CD11b* monocytes/macro-
phages (Fig. 3C), and 0X62* dendritic cells (Fig. 3D) into the border
areas at both day 3 and 28, compared to other groups. Correspondingly,
the myocardial level of a major pro-inflammatory cytokine, IL-1B, was
significantly increased in the IM group, compared to the Cont group,
whereas this increase was entirely absent after SMB-sheet therapy
(Fig. 3E). IL-1B is known to increase arrhythmia susceptibility by increas-
ing the Caj leak from the sarcoplasmic reticulum [17]. These data
collectively showed that intramyocardial SMB injection exacerbated
inflammation and increased susceptibility of arrhythmias, while this
adverse effect was obviated by SMB-sheet therapy.

3.4. Attenuated donor cell leakage into the lung by SMB-sheet therapy

During this study, we unexpectedly found another safety concern as-
sociated with intramyocardial SMB injection. PCR for the sry gene in var-
ious organ samples detected a substantial presence of male donor cells in
the lungs of all host female animals at day 28 in the IM group (Fig. 4A).

Consistent with this, donor cell trafficking studies using CM-Dil-labeled
SMBs uncovered that there were a considerable number of donor cells
globally distributing in the lung, forming discrete loci (Fig. 4C, D). It
has been reported that many donor cells leak into other organs, com-
monly the lung and kidney, at early phases of intramyocardial injection
of bone marrow-derived cells {18]. This aspect in the case of SMBs re-
mains largely unexplored, and our study clarified that after intramyo-
cardial SMB injection a considerable number of donor cells leaked and
survived in the lung for at least 28 days. In contrast, in the Sheet
group, no donor cells were detected in any organ studied, by either
PCR or histological study (Fig. 4A, B), shedding the light on a further ad-
vantage of SMB-sheet therapy in safety over the current method, in ad-
dition to the elimination of arrhythmogenicity.

3.5. Improved cardiac performance by SMB-sheet therapy

Previous clinical trials of intramyocardial injection of SMB suspension
showed insufficient or inconsistent therapeutic effects, in corresponding
with poor donor cell survival/engraftment [ 1,2]. Considering the ability to
increase donor cell survival (Fig. 2A), the use of the cell-sheet technique
may solve this issue. Indeed, echocardiography showed that LV ejection
fraction was improved in the IM group compared to the Cont group,
and this was further enhanced in the Sheet group at day 28 post treat-
ment (Fig. 5A). In addition, both LV end-diastolic and end-systolic dimen-
sions in the Sheet group were smaller than those in other groups (Fig. 5B,
C). Cardiac catheterization also showed improved cardiac function in the
Sheet group compared to the other groups (Fig. 5E). LV end-diastolic
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Fig. 3. Prevention of exacerbation of myocardial inflammation by SMB-sheet therapy. Immunolabeling demonstrated that the number of CD45™ cells accumulating in the myocardium was
persistently increased in the IM group, but not in the Sheet group, widely in both border and remote areas (A). In addition, in the IM group, there was increased accurnulation of granulocytes
(B), CD11b™ monocytes/macrophages (C), and OX62™ dendritic cells (D) at both day 3 and 28. ELISA showed increased myocardial IL-16 levels at day 3 in the IM group compared to other

groups (E). *p<0.05 vs. Cont group, p<0.05 vs. Sheet group, n=4-6 in each group.

pressure was lower and developed pressure was higher in the Sheet
group compared to the Cont group.

3.6. Mechanisms underpinning the therapeutic effects of SMB-sheet therapy

We subsequently studied the mechanism by which SMB-sheet ther-
apy improved cardiac function. Agreeing with previous findings {1.5],
we could not find any cardiomyocyte-like cells derived from donor
SMBs (via either trans-differentiation or fusion) in any group by histo-
logical trafficking of CM-Dil labeled SMBs. Instead, our histological stud-
ies detected favorable changes in each cardiac component in the Sheet
group. These included reduced infarct size (Fig. 5D), decreased extracel-
lular collagen deposition (Fig. GA-G), increased vascular formation
(Fig. 6H-N), and attenuated cardiomyocyte hypertrophy (Fig. 60-R) at
day 28 in the Sheet group compared o the Cont group. Of note, these
beneficial effects were widely observed not only in the border areas
but also in the remote areas. These beneficial changes were also seen

in the IM group, but to a reduced extent in general, correlated with the
reduced donor SMB presence.

To obtain a further mechanistic insight of the therapeutic effects of
SMB-sheet therapy, we analyzed myocardial expression of reportedly
relevant genes by quantitative RT-PCR. As a result, we observed that ex-
pression of IL-10, HIF1-c&,, MMP-2, TIMP-1, IGF-1, and SDF-1, was signifi-
cantly upregulated in the Sheet group at day 3 compared to the Cont
group (Fig. 7). These data corresponded well with the above histological
findings of beneficial changes in cardiac components as the paracrine ef-
fects. An anti-inflammatory cytokine, IL-10, is known to increase donor
cell survival after cell transplantation and also increase angiogenesis
{19]. Upregulation of a major pro-angiogenic factor, HIF1-c [20], could
also play a role in the increased capillary density in the Sheet group,
while upregulation in MMP-2 and TIMP-1 would correlate with the re-
duced fibrosis [3]. Upregulation of IGF-1 and SDF-1, which are known
to stimulate endogenous progenitor cells {21,22], might have increased
endogenous regeneration. Of note, the upregulation of these genes in
the Sheet group was mostly reduced to the post-MI background level
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A
Lung Liver Spleen Kidney
M 4/4 (100%) 0/4 (0%) 114 (25%) 1/4 (25%)
Sheet 0/4  (0%) 0/4 (0%) 0/4 (0%) 0/4 (0%)
0.0047 NS NS NS

Fig. 4. Attenuated ectopic donor cells in other organs after SMB-sheet therapy. At day 28 post treatment, PCR for sry detected the presence of donor cells in the lungs of all host animals in the IM
groups (A). There were no donor cells detected in any organs after SMB-sheet therapy. Fluorescence observation demonstrated that SMBs (CM-Dil-labeled; orange) were widely distributed in
the lung, forming discrete loci, at day 28 in the IM group (C, D), while there were no SMBs detected in the lung of the Sheet group (B). Blue (DAPI) represents nuclei. Scale bar =100 ymin (B, C)

and 30 pm in (D). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

in the Cont group by day 28, in corresponding with the reduced donor
cell presence by day 28 (Fig. 2A). Despite this, cardiac function remained
improved for at least 28 days after SMB-sheet therapy compared to the
sham control. This let us speculate that paracrine mediators would con-
tribute to the myocardial recovery mainly during the early phase after
the treatment, and the effects on cardiac function and structure, once
established, could last for a longer time.

4, Discussion

This pre-clinical study demonstrated that epicardial placement of
SMB-sheets, which were generated with temperature-responsive culture
dishes without enzymatic treatment and without artificial scaffolds, over-
came both key problems of the current SMB transplantation method:

* critical arrhythmogenicity and limited therapeutic efficacy [1,2}.

This study for the first time provided comprehensive, quantitative
evidence showing that the use of the cell-sheet technique prevents
arrhythmogenicity associated with SMB-transplantation therapy to the
heart. We established a rat model in which intramyocardial SMB injection
induced frequent ventricular arrhythmias, including VT, in an equivalent
manner to the previous clinical reports {1,2,23]. Using this clinically-
relevant model, our continuous monitoring using radio-telemetry clearly
demonstrated that arrhythmia occurrence was reduced after SMB-sheet
therapy to the base line (M! hearts; Cont group). Together with another
novel finding that SMB-sheet therapy attenuated ectopic donor cell dis-
tribution in the lung, which was seen after intramyocardial injection,
these data highlight the improved safety of SMB-sheet therapy.

Furthermore, our results also imply information regarding the mech-
anism underlying SMB-induced arrhythmias, which remains uncertain
[23]. Previous in vitro studies have suggested a possible role of
automaticity or spontaneous electrical activity of the SMBs on the
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Fig. 5. Improved cardiac performance by SMB-sheet therapy. Enhanced cardiac function, reduced heart dimensions and improved hemodynamics in the Sheet group, compared to other groups,
were detected by using echocardiography (A-C) and catheterization (E) at day 28. Picrosirius red staining showed the smallest infarct size in the Sheet group (D). HR = heart rate, LVvDd =LV
end-diastolic dimension, LVDs = LV end-systolic dimension, LVEDP =LV end-diastolic pressure, LVDP = LV developed pressure, * p<0.05 vs. Cont group, (p<0.05 vs. IM group, n=10-11 in each
group in (A-C), 4-5 in (D), and 7-8 in (E).
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Fig. 6. Recovery of post-Ml failing myocardium by SMB-sheet therapy. Picrosirius red staining showed that extracellular collagen deposition (red color) in the Cont group (A, D) was reduced in
the IM (B, E) and Sheet groups (C, F) at day 28. Semi-quantified collagen volume fraction is shown in (G). Isolectin B, staining demonstrated that capillary density (red color) at day 28 was
increased in the IM (I, L) and Sheet groups (J, M) compared to the Cont group (H, K). Capillary density was quantified as the number of capillary vessels per mm? (N). Cardiomyocyte size
(CSA=cross sectional area) was reduced in the Sheet group compared to the Cont group (O-R). Green signals for cardiomyocytes (cTnT); red for endothelial cells (Isolectin B4). Cells
surrounded by white arrowheads represent the cardiomyocytes chosen for the CSA measurement. Scale bar = 100 pm in (A-F) and 30 pm in (H-M, 0-Q). *p<0.05 vs. Cont group, (p<0.05
vs. IM group, n=4-6 in each group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

arrhythmogenicity [24,25]; however, results of our in vivo study were
rather negative for these, as the cell-sheet technique showed reduced
arrhythmogenicity despite the increase in surviving SMBs. Alternatively,
our results propose that the formation of local heterogeneity by
intramyocardial injection may play a causative role [4,5,23]. We observed
that intramyocardial injection formed discrete cell-clusters composed of
donor SMBs and host inflammatory cells. Given our histological finding
that grafted SMBs rarely formed gap junctions with host cardiomyocytes,
such intramyocardial heterogeneity would cause physical disturbance to
electrical impulse propagation, resulting in conduction delay, block, and
eventually re-entrance arrhythmias. This concept was supported by
additional finding of the elongated QRS duration after intramyocardial
SMB injection. In contrast, after SMB-sheet therapy, the majority of
SMBs remained on the epicardial surface, obviating the intramyocardial
tissue disruption. This resulted in the maintenance of electrical conduc-
tance, therefore preventing arrhythmogenicity. In addition, this study
provided new data which suggest another mechanism by which intra-
myocardial SMB injection induced arrhythmias; exacerbation of post-MI
arrhythmogenic substrates {13,23]. Intramyocardial SMB injection
resulted in persistent and widespread increase of inflammatory response,
which could amplify the pathological substrates and increase arrhythmia

susceptibility. In contrast, SMB-sheet therapy did not aggravate myocar-
dial inflammation nor therefore increase arrhythmogenic substrates.
Insufficient therapeutic efficacy was another key issue of SMB trans-
plantation {1,2], and this may also be solved by the use of the cell-sheet
technique. It has been shown that SMB-sheet therapy improves perfor-
mance of the damaged heart in various models [ 8-10], but this study fur-
ther confirms this ability of SMB-sheet therapy in a more comprehensive
manner by direct comparison with intramyocardial injection. In addi-
tion, we showed that this augmented efficacy was correlated to the in-
creased donor cell engraftment. Our quantitative assessment showed
that donor cell survival at day 3 was 3.5-fold higher in SMB-sheet ther-
apy compared to intramyocardial injection, suggesting that the use of
the cell-sheet technique increased the early retention and/or survival
of donor cells. Furthermore, the surviving donor cell number at day 28
was more apparent, 9.2-fold, larger in SMB-sheet therapy. This indicates
that SMBs grafted by the cell-sheet technique survived between day 3
and 28 with a higher rate (17.5/52.3=0.33) compared to intramyo-
cardial injection (1.9/15.0=0.13), suggesting that the cell-sheets
would provide a more comfortable environment for SMBs to survive,
Consistent to previous reports {1,5], we did not find donor SMB-derived
cardiomyocytes either after SMB-sheet therapy or intramyocardial SMB
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Fig. 7. Myocardial gene expression after SMB-sheet therapy. Quantitative RT-PCR detected upregulation of multiple genes in the Sheet group at day 3, though this was largely diminished by
day 28. Expression levels were normalized to that in normal hearts (n=3), which was assigned a value of 1.0. *p<0.05 vs. Cont group, 'p<0.05 vs. IM group, n=4-6 in each group.

injection. Considering the beneficial histological changes, including de-
creased infarct size, reduced fibrosis, increased neovascular formation,
and attenuation of cardiomyocyte hypertrophy, the “paracrine effect”
may be the major mechanism responsible for the therapeutic benefits
by SMB-sheet therapy. As regards this, we found that a group of possibly
relevant molecules, including IL-10, HIF1-cc, MMP-2, TIMP-1, IGF-1 and
SDF-1, were upregulated in the heart after SMB-sheet therapy. We
could not specify what paracrine molecules among these (or others)
were really responsible for the effects of SMB-sheet therapy, but specu-
late that the obtained effects may be a result of the net input of certain
groups of paracrine molecules, rather than a single molecule. However,
further investigation is needed to conclude this issue.

In conclusion, SMB-sheet therapy attenuated both the
arrhythmogenicity and ectopic donor cell distribution in the lung that
were associated with the current method for SMB transplantation, to-
gether with augmented therapeutic efficacy in the treatment of heart

failure, These data may encourage the development of this emerging ap-
proach towards clinical application.
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Clinical and Population Studies

Long-Term Follow-Up Evaluation of Results From Clinical
Trial Using Hepatocyte Growth Factor Gene to Treat Severe
Peripheral Arterial Disease

Hirofumi Makino, Motokuni Aoki, Naotaka Hashiya, Keita Yamasaki, Junya Azuma,
Yoshiki Sawa, Yasufumi Kaneda, Toshio Ogihara, Ryuichi Morishita

Objective—As angiogenic growth factors can stimulate the development of collateral arteries, a concept called therapeutic
angiogenesis, we performed a phase I/Ila open-label clinical trial using intramuscular injection of naked plasmid DNA
encoding hepatocyte growth factor (HGF). We reported long-term evaluation of 2 years after HGF gene therapy in 22

patients with severe peripheral arterial disease.

Methods and Results—Twenty-two patients with peripheral arterial disease or Buerger disease staged by Fontaine IIb (n=7),
III (n=4), and IV (n=11) were treated with HGF plasmid, either 2 mg or 4 mg x2. Increase in ankle-branchial pressure
index >0.1 was observed in 11 of 14 patients (79 %) at 2 years after gene therapy and in 11 of the 17 patients (65%) at
2 months. Reduction in rest pain (>2 cm in visual analog scale) was observed in 9 of 9 patients (100%) at 2 years and
in 8 of 13 (62%) patients at 2 months. At 2 years, 9 of 10 (90%) ischemic ulcers reduced by >25%, accompanied by a
reduction in the size of ulcer. Severe complications and adverse effects caused by gene transfer were not detected in any

patient throughout the period up to 2 years.

Conclusion—Overall, the present study demonstrated long-term efficacy of HGF gene therapy up to 2 years. These findings
may be cautiously interpreted to indicate that intramuscular injection of naked HGF plasmid is safe, feasible, and can
achieve successful improvement of ischemic limbs as sole therapy. (Arterioscler Thromb Vasc Biol. 2012;32:2503-2509.)

Key Words: angiogenesis m peripheral arterial disease ®m plasmid DNA m hepatocyte growth factor m gene therapy

he clinical consequences of peripheral arterial disease

(PAD) include pain on walking (claudication), pain at
rest, and loss of tissue integrity in the distal ischemic limbs.
Recent progress in molecular biology has led to the develop-
ment of gene therapy as a new strategy to treat a variety of
cardiovascular diseases using angiogenic growth factors, such
as vascular endothelial growth factor (VEGF).I* However,
recent reports have documented the disadvantage of VEGF,
such as edema formation,'** and recent studies have demon-
strated that VEGF121 did not show improvement in clinical
end points.® In contrast, although phase II nonviral fibroblast
growth factor-1 clinical trial revealed a significant decrease in
the amputation rate,’ large-scale phase III trial failed to show
its efficacy.’

Our previous reports demonstrated that intramuscular gene
transfer of naked plasmid DNA containing the sequence
encoding human hepatocyte growth factor (HGF), a potent
angiogenic growth factor,*' in patients with critical limb
ischemia (CLI) resulted in a significant increase in ankle-
branchial pressure index (ABI) and improved -clinical

symptoms, such ‘as ischemic ulcer at 2 months after
transfection.’®!” In addition, 3 randomized placebo control
studies (1 phase III trial in Japan and 2 phase II trials in the
United States) demonstrated the healing of ulcer, decrease in
rest pain, increase in transcutaneous oxygen tension, or toe
pressure at 2 or 6 months after the treatment.'3-* These clinical
trials including ours revealed clinical therapeutic values of HGF
gene therapy to treat CLI. Of particular interests, different from
VEGF, HGF gene therapy did not show edema as side effects.
However, previous studies only showed short-term efficacy
of HGF gene therapy but not long-term efficacy, amputation
rate, and mortality. Thus, we sought to evaluate the long-term
safety and clinical effects of direct intramuscular gene transfer
of naked human HGF plasmid DNA on ABI, ulcer, and rest
pain as functional end points, and amputation and death rate as
hard end points up to 2 years after gene therapy in 22 no-option
patients with severe PAD refractory to maximal medical
therapy and not amenable to conventional revascularization.
The present study documented the continuous improvement
in clinical symptoms, such as the healing of ulcers. Despite
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this limitation of the open-label trial, we demonstrated that
intramuscular injection of naked HGF plasmid might decrease
amputation rate and mortality up to 2 years after gene therapy
compared with historical data.

Materials and Methods
Clinical Trial Design

This study was conducted as a phase 1/I1a investigator-initiated clini-
cal trial, as previously described.!®!” Part of the information included
in this article has been published in the previous reports.'®!” Briefly,
the pVAX1 plasmid vector (Invitrogen Corporation, Carlsbad, CA)
was selected for HGF construct. To minimize the possibility of
chromosomal integration, insertional mutagenesis through the acti-
vation of oncogenes, or inactivation of tumor suppressor genes, all
sequences with possible homology to the human genome have been
removed from the pVAX1 DNA, along with any sequence not neces-
sary for replication in Escherichia coli or for expression of recombi-
nant protein in mammalian cells. The pVAX1 HGF plasmid consists
of a cDNA fragment of human HGF inserted into the pVAX1 vector.

In this single-center prospective, open-label study, patients were
enrolled if they (1) had chronic CLI, including rest pain and a non-
healing ischemic ulcer, or had severe intermittent claudication with
maximum walking distance <200 m for a minimum of 4 weeks; (2)
had been resistant to conventional drug therapy for >4 weeks; (3) were
not candidates for surgical or percutaneous revascularization based
on usual standards of practice; (4) did not have previous or current
neoplasms; and (5) did not have severe retinopathy, as documented
previously.'*7 Objective documentation of ischemia, including rest-
ing ABI of >0.6 in the affected limb on 2 consecutive examinations
performed 1 week apart, was necessary. Patients were observed for
4 weeks under conventional drug therapy to confirm that their clinical
symptoms and objective parameters were not improved. The study
was approved by the Ministry of Health, Labor, and Welfare, and
Ministry of Education, Culture, Sports, Science, and Technology.
Twenty-two limbs of 17 patients (13 men and 4 women; 59.6+12.0
years) with arteriosclerosis obliterans (ASO; n=14) or Buerger dis-
ease (thromboangitis obliterans [TAO]; n=8) staged as Fontaine IIb,
III, or IV underwent direct intramuscular gene transfer of naked
plasmid DNA encoding HGF. The characteristics of the patients are
shown in Table 1 and in a previous article.'” In 4 patients, plasmid was
administrated to bilateral legs one-by-one at an interval >3 months.
One patient was treated bilaterally at the same time.

Intramuscular Injection of Naked Plasmid

DNA Encoding Human HGF

Each patient received an intramuscular injection of naked plasmid
HGF DNA, as described previously.’®!” This study was divided into
2 stages. As stage 1, for the initial 6 patients with Fontaine stage III
or IV, a test intramuscular injection of a small dose (test injection)
(0.4 mg plasmid DNA) was performed to examine acute or subacute
allergy to plasmid DNA. After confirmation of no allergic reaction
or anaphylaxis, 2 mg of naked HGF plasmid DNA was intramuscu-
larly injected 2 weeks after test injection into the calf or distal thigh
muscles of the ischemic limb by direct intramuscular injection under
ultrasonic guidance. The injection sites of plasmid DNA are described
in our previous preliminary report.!” Four weeks after the initial injec-
tion, a second injection (2 mg) was similarly administered, giving a
total dose of 4 mg plasmid DNA per patient. Results of this study
up to 6 months were previously published.!” As stage 2, 16 limbs
of 12 patients with Fontaine stage IIb, III, or IV were intramuscu-
larly injected with a therapeutic dose (2 mg/4 sites or 4 mg/8 sites) of
naked HGF plasmid DNA. The doses of HGF plasmid were randomly
allocated using an envelope method. HGF plasmid DNA (0.5 mg)
was diluted in sterile saline solution up to 3 mL, and 4 or 8 aliquots
(total 2 or 4 mg/12 or 24 mL) were administered as stage 1. Four or 8
injection sites were selected arbitrarily, according to the angiographic
findings and the available muscle mass. Four weeks after the initial
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Table 1. Patient Characteristics

Fontaine Injection

Case No. Disease Age,y Sex Stage Dose,mg Background Factors

1 ASO 5 M ] 2 HT and current smoking

2 ASO 42 M v 2 DM, HT, and CRF on HD

3 TAO 47 M v 2 past smoking

4 TAO 64 F 1l 2 —_

5 TAO 6 M v 2 HT

6 ASO 69 M v 2 DM, HT, and HL

7 TAO 67 M v 4 HT

8 TAO 61 M 1] 4 HT, HL, and past
smoking

9 ASO 66 M IIb 2 DM, HT, and CRF on HD

10 ASO 60 M IIb 4 DM, HT, and HL

11 ASO 6 M ] 4 DM, HT, and HL

12 ASO 70 F v 2 DM and HL

13 TAO 5 M ] 2 HL and past smoking

14 ASO 78 F 1l 2 HT

15 TAO 5 M v 2 past smoking

16 ASO 66 M Ib 4 DM, HT, and CRF on HD

17 TAO 27 F v 2 past smoking

18 ASO 6 M b 2 DM, HT, and HL

19 ASO 66 M v 4 HT, HL, DM, and past
smoking

20 ASO 63 M v 4 DM, HT, and CRF on HD

21 ASO 63 M v DM, HT, and CRF on HD

22 ASO 6 M b 4 HT, HL, DM, and past

smoking

ASO indicates arteriosclerosis obliterans; TAO, thromboangitis obliterans
(Buerger disease); M, male; F, female; HT, hypertension; DM, diabetes mellitus;
CRF, chronic renal failure; HD, hemodialysis; HL, hyperlipidemia.

Case Nos. 5 and 7, 9 and 16 , 11 and 18, and 19 and 22 represent same
patients, respectively. In those 4 patients, plasmid was administrated to bilateral
legs one-by-one at an interval >3 months. Case No. 20 and 21 also represent
the same patient, who was treated bilaterally at the same time.

injection, the second injection was similarly administered, giving a
total dose of 4 or 8 mg plasmid DNA per patient.

Patient Follow-Up and Assessment

Briefly, patients were followed by physical examination (including
change in ischemic ulcers), blood analysis, visual analog scale pain
scale (VAS), and measurements of ABI weekly during the first 12
weeks, every other week for the next 8 weeks, monthly for the next
12 weeks, and then every 3 months up to 2 years after the first injec-
tion of plasmid DNA. ABI was measured using plethysmographic
wave or Doppler wave system, IMEX (Getz Bros. Co). Maximum
walking distance was measured at baseline, 1, 2, 3, and 24 months
using treadmill at 2.4 knmv/h with 5% incline. During the study period,
the development of malignant tumors and progression of retinopathy
were carefully investigated by various examinations.

Statistical Analysis

All values are expressed as mean+SD. To compare the clinical para-
meters (ABI, ulcer size, VAS, and maximum walking distance)
between baseline and each time point, the Dunnet test was used. To
test the long-term increasing or decreasing tendency of these clini-
cal parameters, the regression coefficient of the time course was
calculated. To assess the time-dependent change in these parameters
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between 2 groups, such as ASO and TAO, or CLI and intermittent
claudication, the regression coefficient of time course was compared
using ANCOVA. P<0.05 was considered statistically significant. All
tests were 2-tailed. To avoid any bias, an evaluation committee inde-
pendent from the trial investigators checked all the data. The JMP
statistical software was used for calculations.

Results

Long-Term Efficacy of HGF Gene Therapy

In this study, we evaluated ABI as a functional end point and
resting pain, as assessed by VAS or the size of ischemic ulcer,
as a clinical end point. As previously reported,!” ABI signifi-
cantly increased from 0.46+0.08 (n=17) at baseline (before
administration) to 0.59+0.13 (P=0.0135; n=17) at 8 weeks
after injection (Figure 1A). Even at 2 years after gene therapy,
ABI still increased significantly (0.61+0.13; P=0.0053; n=14),
whereas the peak increase in ABI was observed at 6 months
after treatment (0.65+0.15). There was no significant time
dependency in ABI increase (regression coefficient, 0.00359;
P=0.051). We also analyzed the results of ABI according to
Fontaine stage ITI-IV (CLI) and stage II ( intermittent clau-
dication). There was no significant difference in the improve-
ment of ABI between the 2 groups (P=0.1620) (Figure I in
the online-only Data Supplement). When an increase in ABI
of >0.1 was assumed to be an improvement, according to the
standard of Rutherford, 11 of 17 patients (65%) showed a posi-
tive response at 2 months after transfection (Table 2). The effi-
cacy rate of ABI after 2 years reached 79% (11 of 14 patients).
These results demonstrated that functional improvement in

A ABI B
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0.5
04
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0.1
0.0 -+ T T T T

Rest pain VAS Scale
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3

CANWRODN®

Pre 2M 3M 6M 12M 24M
n=13 13 12 12 9 9

pre 2M 3M 6M 12M 24M
n=17 17 16 16 14 14

Pvalue vs pre 0.0135 0.0013 0.0002 0.0006 0.0053 P value vs pre 0.0042 0.0003 0.0001 < 10* <10

C Size of largest ulcer D  Maximum walking distance
cm m
200 *
® * NS,
4 150
3
100
2
50
1
0+ T T v T T \ 0 T T T T S
pre 2M 3M 6M 12M 24M pre 2M 3M 24M
=11 11 11 10 10 10 =7 7 7 6

Pvalue vs pre 0.6930 0.3440 0.1099 0.0082 0.0035 Pvalue vs pre 0.0282 0.0078 0.1740

Figure 1. Serial changes in parameters. A, Changes in
ankle-branchial pressure index (ABI). B, Sizes of largest uicers.

C, Rest pain assessed with visual analog scalepain scale (VAS).
D, Maximum walking distance. Data are expressed as mean+SD.
For comparison between baseline and each time point, data were
analyzed using Dunnett test. Asterisks indicate statistically signifi-
cant. Pre indicates baseline; 2M, 6M, 12M, and 24M indicate 2, 6,
12, and 24 months, respectively, after the second injection; N.S.,
not significant.
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Table 2. Serial Changes in Efficacy Rate

M 6M 12M 24M
1117 (65) 13/16 (81) 1014 (71) 11/14 (79)

ABI (increase >0.1)

Rest pain (reduction >2cm)  8/13(62) 9/12(75)  9/9 (100)  9/9 (100)
Largest ulcer size 7/11 (64) 8/10(80) 9/10(90)  9/10 (90)
(reduction >25%)

ABl indicates ankle-branchial pressure index.

Efficacy rates are indicated as effective cases/total cases (%). An ABlincrease
by >0.1, a visual analog scalepain scale reduction by >2 cm, and an ulcer
diameter reduction by >25% were defined as effective cases. 2M, 6M, 12M,
24M indicate 2, 6, 12, and 24 months, respectively, after the second injection.

blood flow induced by HGF still continued up to 2 years after
transfection, despite the short duration of gene expression.

To evaluate the effects of HGF gene therapy on clinical
symptoms, we evaluated rest pain using visual analog scale,
as a standard method for evaluation of pain. As shown in
Figure 1B, rest pain had significantly improved at 2 months
after transfection (P=0.0042). Importantly, rest pain gradually
improved in a time-dependent manner (regression coefficient,
—0.184; P<0.0001). Rest pain reduced from 5.92+1.67 (n=13)
at baseline to 0.39+0.99 (n=9) at 2 years after transfection. In
this trial, 9 of 9 patients (100%) demonstrated improvement in
rest pain over 2 cm at 2 years after transfection and in 8 of 13
patients (62%) at 2 months after transfection (Table 2). In this
trial, a total of 25 ischemic ulcers were found in 11 patients
at baseline. The size of the largest ulcer had significantly
reduced from 3.08+1.53 (n=11) at baseline to 0.61+1.27
(n=10) at 2 years (Figure 1C). Consistent with the gradual
improvement in rest pain, ischemic ulcer also significantly
reduced in a time-dependent manner (regression coefficient,
—0.0926; P=0.0004; Figure 1C). At 2 years after transfection,
the reduction in ischemic ulcer reached 0.61x£1.27 (n=10).
Considering an improvement in ischemic ulcers by >25% to
be evaluated as positive, 18 of 25 ulcers (72%) had improved
at 2 months after transfection. It is noteworthy that at 2 years
after transfection, 17 of 18 ulcers (94%) reduced by >25%.
As shown in Figure 1C, the largest ischemic ulcer diameter
also reduced after transfection. Seven of 11 patients (efficacy
rate 64%) demonstrated an improvement in the largest
ischemic ulcer diameter by >25% at 2 months and 9 of 10
patients (efficacy rate 90%) at 2 years (Table 2). At 2 months,
one of 11 ulcers completely healed. Typical examples of the
changes in ischemic ulcers in patients with ASO and Buerger
disease are shown in Figure 2. Two years after transfection,
7 of the 11 patients with ulcers achieved complete healing
(Table 3). In this trial, 7 patients with Fontaine [ib stage were
also tested. Peak walking time had significantly increased
at 2 and 3 months after second transfection (Figure 1D);
however, this effect was diminished at 2 years. In addition,
we compared the time-dependent changes in patients with
ASO and TAO, because these 2 groups have different
characteristics in pathophysiology and clinical course.
Both groups showed an improvement in ABI, ulcer size,
and VAS (Figure II in the online-only Data Supplement).
However, there was no significant difference in the tendency
between the 2 groups. We also evaluated the transition of the
Fontaine stage. As shown in Table 4, 5 of 11 patients with
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Pre
Case No. 12. ASO, 70 y, Female

24 months

Pre 2 months
Case No. 3. TAO, 48 y, Male

Figure 2. Typical examples of change in ischemic ulcers in
patients. The ischemic ulcer in case no.12 was completely healed
in 15 months after the second injection. Case no. 3 healed in 24
months. 2 months, 15 months, 24 months indicates 2, 15, and

24 months, respectively, after the second injection. Pre indicates
before injection; TAO, thromboangitis obliterans.

stage IV improved to stage IIb at 2 years. Similarly, 1 of 4
patients with stage III improved to stage IIb.

Safety Evaluation

We also evaluated the safety of HGF gene therapy up to 2
years. Especially, we focused on the incidence of angiogenesis-
related disease, such as tumor, and other severe complications.
The initial trial up to 6 months documented no evidence of the
‘allergic reaction related to plasmid DNA."” Similarly, 2-year
follow-up also documented that none of the patients showed
an allergic or anaphylactic reaction. No serious adverse events
related to gene therapy were observed from the initial analysis
up to 2 years after transfection (Table 5). To date, development
of tumors or progression of diabetic retinopathy has not been
observed in any patient transfected with HGF plasmid DNA
during the trial up to 2 years after transfection. No patient
had a major amputation during the 2 years, whereas 1 patient
(No. 17) had a minor amputation. In addition, 2 patients died
because of hyperkalemia after operation at 7 months and
pneumonia at 7 months, respectively (Table 5). The committee
independent from the investigators evaluated these incidents
as not related to HGF gene therapy. The cumulative rates of
major amputation and mortality are shown in Table 6.

Discussion
The present study reported 2-year follow-up study of HGF
gene therapy in 22 cases. The initial end points evaluated at

Table 3. Healing of Ulcers
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2 months after transfection exhibited a significant improve-
ment in functional end point as assessed by ABI measure-
ment and clinical end points as assessed by VAS and ischemic
ulcer.'” After the initial analysis, we performed the long-term
analysis up to 2 years after transfection in this study. The most
striking point from the present study is that an improvement
in ABI, ulcer size, and rest pain continued up to 2 years after
transfection. It is well known that the duration of gene expres-
sion driven by naked plasmid DNA is usually not longer than
1 month after injection. Indeed, our preclinical study also
confirmed the transient expression of transgene using naked
plasmid HGF DNA.!*1314 Nevertheless, the present study
demonstrated that the efficacy of HGF gene therapy was sus-
tained up to 2 years after transfection. Especially, ABI as a
functional end point to reflect an improvement in blood flow
was significantly increased up to 2 years after transfection.
To our knowledge, such an improvement has not previously
been achieved spontaneously or with medical therapy in
patients with CLIL One of the possible explanations is that the
increase in blood vessels induced by HGF at early time point
might enlarge the collateral vessels at later time point over
the transient expression of exogenous HGF. Alternatively, as
exogenous HGF upregulated endogenous HGF and VEGF
through an essential transcription factor for angiogenesis,
ets-1,"'2! increase in endogenous HGF and VEGF might work
for the continuous growth of collateral formation. Moreover,
the lymphangio genetic effects of HGF might contribute the
reduction in edematous lesion in Buerger disease.?? For exam-
ple, the fingers of case 3 patients were edematous at baseline
and 2 months, whereas his edema almost disappeared at 24
months after the therapy (Figure 2, lower). However, 2 years
after transfection, ABI seems to be slightly decreased com-
pared with 6 months. Another treatment using HGF gene
might be necessary to develop and maintain the collateral for-
mation, although further studies must be done.

It is more important to consider the clinical application
that clinical symptoms, such as rest pain and ischemic ulcer,
were gradually decreased in a time-dependent manner. The
improvement in these clinical symptoms was different from
the time course of ABI. ABI and maximum walking distance
peaked at around 3 to 6 months and then decreased a little,
whereas rest pain (VAS scale) and ulcer size improved con-
tinuously until 2 years after gene therapy. Possible explanation
for this discrepancy includes that improvement in blood flow
by HGF gene therapy might increase the local flow, resulting
in the continuous improvement in resting pain and ulcer size.
In patients with CLI, it is well known that critical point to
improve resting pain and ulcer would have existed. Probably,
the increase in ABI over the critical value 0.5 might lead to the

™ P} M &M 12m 24M
Largest ulcers 011 (0) 1/119) 2/11 (18) 4/10 (40) 6/10 (60) 7710 (70)
All ulcers 7/25 (28) 7/25 (28) 9/25 (36) 10/21 (48) 16/21 (76) 18/21 (86)
Complete healing 0/11 (0) 1/11(9) 1/11(9) 4710 (40) 6/10 (60) 7/10(70)

Largest ulcers and all ulcers are indicated as number of healed ulcers/number of ulcers at baseline (%). Complete healing shows the number of patients whose ulcers
were completely healed. One patient (case no. 2) with 4 ulcers was excluded at 4 months because of participation for other angiogenic trial and died at 7 months due
1o hyperkalemia on the day that the patient underwent peripheral artery bypass surgery. 2M, 6M, 12M, and 24M indicate 2, 6, 12, and 24 months, respectively, after
the second injection.
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Table 4. Serial Change in the Number of the Patients Classified by Fontaine Stage

Fontaine Stage

Improve/Worsen Discontinued
la b I v (Details) (Details)
Pre 0 7 4 11
2M 0 9 3 10 Improved 2*
(m tollb 1)
Violib 1
6M 1 11 1 6 Improved 21 Discontinued 3t
<|Ib to lla 1) Consent withdrawal 1,
Wtollb 1 operation in the treated limb 1,
participation for other angiogenic clinical trial 1
12M 1 10 0 5 Discontinued 3%
Death 1,
rebypass operation in the treated limb 1,
minor amputation 1
24M 0 12 1} 4 Improved 1§
(IVtolib 1)
Worsened 1§
(llato llb 1)

2M, 6M, 12M, 24M indicate 2, 6, 12, and 24, respectively, months after the second injection. *The number of the cases that improved
between baseline and 2 months. 1The number of the cases that improved or discontinued between 2 months and 6 months. $The number
of the cases that discontinued between 6 months and 12 months. §The number of the cases that improved or worsened between 6

months and 12 months.

continuous improvement in clinical symptoms up to 2 years
after gene therapy. In this study, 8 of 9 patients with CLI whose
ABI was measurable achieved continuous improvements in
rest pain and ulcers at 2 years. The ABI was maintained over
0.5 in 8 of 9 CLIs, although, in 7 of 9 ABI peaked out from
6-12 months to 24 months. It was suggested that in the patients
whose ABI was over 0.5, local blood was sufficient to exceed
the critical point to improve rest pain and ulcer. However, from
this study, it is not clear how long the improvement in clinical
symptoms would be continued over 2 years.

Table 5. Serious Adverse Events

Days After
Case No. Serious Adverse Events  2nd Injection Outcome Causuality
2 Death 226 Death No
6 Cerebral infarction 26 Resolved No
6 Hyperglycemia 173 Resolved No
6 Infection 248 Resolved No
8 Fever 130 Resolved No
8 Fever 170 Resolved No
8 Gastrointestinal bieeding 195 Resolved No
8 Death 232 Death No
9 Cataract operation 391 Resolved No
17 Right toes minor amputation 267 Resolved No
14 Infection of synthetic graft 137 Resolved No
14 Left femur fracture 199 Resolved No
16 Cataract operation 271 Resolved No
20 Pneumonia 13 Resolved No
20 Heart failure 46 Resolved No
21 Pneumonia 13 Resolved No
21 Heart failure 46 Resolved No

Serious adverse events of case Nos. 20 and 21 were doubly counted
because this patient was treated bilateraly at the same time.

It should be noted that 3 randomized placebo-controlled
double-blinded studies (1 phase III trial in Japan and 2 phase
II trial in the United States) successfully demonstrated the
effectiveness of HGF gene therapy. HGF-STAT trial, a phase
II randomized placebo-controlled double-blinded study, dem-
onstrated that transcutaneous oxygen tension significantly
increased at 6 months in the high-dose HGF group com-
pared with the placebo, low-dose, and middle-dose groups.?”
Additional phase II study in the United States also demon-
strated that change in toe brachial pressure index, as well as
VAS, had significantly improved from baseline at 6 months in
HGF-treated group compared with placebo.?® More dramatic
evidence of the clinical efficacy of HGF gene therapy was
obtained from phase III study in Japan. In this study enrolling
44 patients, the overall improvement rate of the primary end
point was 70.4% in the HGF group and 30.8% in the placebo
group, showing a significant difference.'® Especially, the HGF
group achieved a significantly higher improvement rate (100%)
than the placebo group (40%) to reduce ischemic ulcer.’

Up to 6 months after HGF gene therapy, all clinical studies
demonstrated the safety of this treatment. In this study, even up
to 2 years after HGF gene therapy, few safety concerns were
documented. In this study, 1228 adverse effects based on good
clinical practice guideline were reported during the 2 years.
However, some of the moderate adverse effects, such as pain or
small hemorrhages at the injected sites, were only considered

Table 6. Cumulative Rates of Major Amputation and Mortality

Follow-Up Period, % (Events)

Cumulative rate 0-6M 9M 12M 24M
Major amputation 0(0) 00 0(0) 0(0)
Death 0(0) 9.5(2) 952 952
Number of analyzable patients 22 21 21 21

M indicates months.
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to be related to gene therapy. But most of them were not consid-
ered to be related to gene therapy. Potential side effects, such
as hemangioma, cancer, or worsening diabetic retinopathy,
were not observed during the 2 years after transfection. Indeed,
the previous study demonstrated no increase in the serum
HGF concentration during gene therapy.”” More exciting
data of the present long-term follow-up study are the inci-
dence of major amputation and mortality. Previous HGF-0205
trial (phase II) documented that complete ulcer healing at 12
months occurred in 31% of patients in the HGF group and 0%
in the placebo group.?

In this study, major amputation of the treated limb with
HGF plasmid was 0% through 2-year follow-up, or mortality
was 9.5% at 12 months and up to 2 years (Table 6). In contrast,
historical control studies demonstrated higher amputation
and mortality rate. TransAtlantic Inter-Society Consensus-II
stated that 1-year natural history of CLI included 30% major
amputation and 25% death.”® Data from control group of
other angiogenic gene therapy could represent a natural his-
tory of nonrevascularized CLI. For example, phase 1I fibro-
blast growth factor gene therapy study showed 33.9% major
amputation rate and 23.2% death rate at 1 year in the placebo
group,’ whereas in the phase III fibroblast growth factor gene
therapy major amputation was 21% and mortality was 15%
at 1 year” However, it was reported that the age-adjusted
major amputation rate was lower in Japanese population than
in north of England and North America.? In Japan, although
few reports mentioned the fate of CLI, Shigematsu et al®
reported 15% major amputation rate and 18.5% mortality at
1 year, and Kumakura et al* reported 27.3% death rate at
1 year. Compared with these natural history data of CLI in
Japan, in the current study, the rate of amputation-free survival
and mortality in patients treated with HGF gene seemed to be
favorable.

However, the long-term clinical outcome of angiogenic
therapy using bone marrow mononuclear cells implantation
reported that the mortality rate at 2 years was 20% and 0% in
ASO and TAO group, respectively, whereas the amputation
rate at 2 years was 33% and 9% in ASO and TAO, respec-
tively.?” Although the direct comparison is difficult because
of the differences in the patient population, HGF gene ther-
apy seems to be superior to cell therapy in event-free sur-
vival. In the cell therapy, ABI was not significantly improved,
whereas ulcer size and rest pain (VAS) were reduced, and its
effect was sustained up to 2 years. In the present study, HGF
gene therapy significantly improved ABI up to 2 years. In the
HGF study, baseline ABI (0.46) was lower than that in cell
therapy (0.58 in ASO group). These results suggest that HGF
gene therapy might be more suitable to treat patients with
lower ABIL.

This study has several limitations. First, this is not a ran-
domized or placebo-controlled study. Second, this trial was
the preliminary study before phase III randomized trial, and
the number of involved patients was small. Thus, statisti-
cal values might be weak, even if P values were calculable
and significant. Third, the long-term results from the pres-
ent study might be biased because of some unanalyzable
dropout patients. During the 2-year follow-up, there were 4
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unanalyzable dropout cases: Nos 2, 4, 8, and 14, all of whom
were patients with CLI, whereas the remaining group had 7
cases of intermittent claudication and 11 of CLI. The drop-
out group could have included more severe patients than the
remaining group. Thus, it remains possible that more severe
patients tend to drop out, and the results from the current study
may have potential for bias to be overestimated.

Overall, the present study demonstrated that the 2-year
long-term efficacy of phase I/Ila open-label study using intra-
muscular injection of naked HGF plasmid is safe, feasible,
and might achieve successful improvement in ischemic limbs
as sole therapy. Larger studies to determine whether HGF
plasmid can avoid major amputation and decrease the mortal-
ity in patients with CLI are warranted.

Sources of Funding
This work was, in part, supported by a Grant-in-Aid from the
Organization for Pharmaceutical Safety and Research, a Grant-in-
Aid from The Ministry of Public Health and Welfare, a Grant-in-Aid
from Japan Promotion of Science, and through Special Coordination
Funds of the Ministry of Education, Culture, Sports, Science, and
Technology, the Japanese Government.

Disclosures
Ryuichi Morishita is a member of the Board of AnGes MG that
has developed the HGF gene therapy drug and has stocks of AnGes
MG. Part of the information included in this manuscript has been
previously published in Hypertension, 2004, and Arteriosclerosis
Thrombosis Vascular Biology, 2011.

References

1. Isner JM, Pieczek A, Schainfeld R, Blair R, Haley L, Asahara T,
Rosenfield K, Razvi S, Walsh K, Symes JF. Clinical evidence of angio-
genesis after arterial gene transfer of phVEGF165 in patient with isch-
aemic limb. Lancet. 1996;348:370-374.

2. Baumgartner I, Pieczek A, Manor O, Blair R, Kearney M, Walsh K, Isner
JM. Constitutive expression of phVEGF165 after intramuscular gene
transfer promotes collateral vessel development in patients with critical
limb ischemia. Circulation. 1998;97:1114-1123.

3. Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD, Maysky
M, Ashare AB, Lathi K, Isner JM. Gene therapy for myocardial angio-
genesis: initial clinical results with direct myocardial injection of
phVEGF165 as sole therapy for myocardial ischemia. Circulation.
1998;98:2800-2804.

4. Baumgartner I, Rauh G, Pieczek A, Wuensch D, Magner M, Kearney M,
Schainfeld R, Isner JM. Lower-extremity edema associated with gene
transfer of naked DNA encoding vascular endothelial growth factor. Ann
Intern Med. 2000;132:880-884.

5. Rajagopalan S, Mohler ER 3rd, Lederman RJ, Mendelsohn FO, Saucedo
JF, Goldman CK, Blebea J, Macko J, Kessler PD, Rasmussen HS, Annex
BH. Regional angiogenesis with vascular endothelial growth factor in
peripheral arterial disease: a phase II randomized, double-blind, con-
trolled study of adenoviral delivery of vascular endothelial growth fac-
tor 121 in patients with disabling intermittent claudication. Circulation.
2003;108:1933-1938.

6. Nikol S, Baumgartner 1, Van Belle E, et al. Therapeutic angiogenesis
with intramuscular NV1FGF improves amputation-free survival in
patients with critical limb ischemia. Mol Ther. 2008;16:972-978.

7. Belch J, Hiatt WR, Baumgartner I, Driver IV, Nikol S, Norgren L, Van
Belle E; TAMARIS Committees and Investigators. Effect of fibroblast
growth factor NVIFGF on amputation and death: a randomised pla-
cebo-controlled trial of gene therapy in critical limb ischaemia. Lancer.
2011;377:1929-1937.

8. MorishitaR, Nakamura S, Hayashi S, Taniyama Y, Moriguchi A, Nagano
T, Taiji M, Noguchi H, Takeshita S, Matsumoto K, Nakamura T, Higaki
J, Ogihara T. Therapeutic angiogenesis induced by human recombinant
hepatocyte growth factor in rabbit hind limb ischemia model as cytokine
supplement therapy. Hypertension. 1999;33:1379-1384.

Downloaded from http://atvb.ahajournals.org/ at Osaka Daigaku on March 14,2013

300



10.

11.

12.

13.

15.

16.

17.

Makino et al

. Hayashi S, Morishita R, Nakamura S, Yamamoto K, Moriguchi A,

Nagano T, Taiji M, Noguchi H, Matsumoto K, Nakamura T, Higaki J,
Ogihara T. Potential role of hepatocyte growth factor, a novel angiogenic
growth factor, in peripheral arterial disease: downregulation of HGF in
response to hypoxia in vascular cells. Circulation. 1999;100:11301-11308.
Taniyama'Y, Morishita R, Aoki M, Nakagami H, Yamamoto K, Yamazaki
K, Matsumoto K, Nakamura T, Kaneda Y, Ogihara T. Therapeutic
angiogenesis induced by human hepatocyte growth factor gene in rat
and rabbit hindlimb ischemia models: preclinical study for treatment of
peripheral arterial disease. Gene Ther. 2001;8:181-189.

Aoki M, Morishita R, Taniyama Y, Kida I, Moriguchi A, Matsumoto K,
Nakamura T, Kaneda Y, Higaki J, Ogihara T. Angiogenesis induced by
hepatocyte growth factor in non-infarcted myocardium and infarcted
myocardium: up-regulation of essential transcription factor for angio-
genesis, ets. Gene Ther. 2000;7:417-427.

Taniyama Y, Morishita R, Hiraoka K, Aoki M, Nakagami H, Yamasaki
K, Matsumoto K, Nakamura T, Kaneda Y, Ogihara T. Therapeutic angio-
genesis induced by human hepatocyte growth factor gene in rat diabetic
hind limb ischemia model: molecular mechanisms of delayed angiogen-
esis in diabetes. Circulation. 2001;104:2344-2350.

Morishita R, Sakaki M, Yamamoto K, Iguchi S, Aoki M, Yamasaki K,
Matsumoto K, Nakamura T, Lawn R, Ogihara T, Kaneda Y. Impairment
of collateral formation in lipoprotein(a) transgenic mice: therapeu-
tic angiogenesis induced by human hepatocyte growth factor gene.
Circulation. 2002;105:1491-1496.

. Azuma J, Taniyama Y, Takeya Y, Iekushi K, Aoki M, Dosaka N,

Matsumoto K, Nakamura T, Ogihara T, Morishita R. Angiogenic and anti-
fibrotic actions of hepatocyte growth factor improve cardiac dysfunction
in porcine ischemic cardiomyopathy. Gene Ther. 2006;13:1206-1213.
Nakamura Y, Morishita R, Higaki J, Kida I, Aoki M, Moriguchi A,
Yamada K, Hayashi S, Yo Y, Nakano H, Matsumoto K, Nakamura T,
Ogihara T. Hepatocyte growth factor is a novel member of the endothe-
lium-specific growth factors: additive stimulatory effect of hepatocyte
growth factor with basic fibroblast growth factor but not with vascular
endothelial growth factor. J Hypertens. 1996;14:1067-1072.

Morishita R, Aoki M, Hashiya N, Makino H, Yamasaki K, Azuma J,
Sawa Y, Matsuda H, Kaneda Y, Ogihara T. Safety evaluation of clinical
gene therapy using hepatocyte growth factor to treat peripheral arterial
disease. Hypertension. 2004;44:203-209.

Morishita R, Makino H, Aoki M, Hashiya N, Yamasaki K, Azuma J,
Taniyama Y, Sawa Y, Kaneda Y, Ogihara T. Phase I/Ila clinical trial of
therapeutic angiogenesis using hepatocyte growth factor gene transfer
to treat critical limb ischemia. Arterioscler Thromb Vasc Biol. 2011;31:
713-720.

Long-Term Efficacy of HGF Gene Therapy

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2509

Shigematsu H, Yasuda K, Iwai T, Sasajima T, Ishimaru S, Ohashi Y,
Yamaguchi T, Ogihara T, Morishita R. Randomized, double-blind,
placebo-controlled clinical trial of hepatocyte growth factor plasmid for
critical limb ischemia. Gene Ther. 2010;17:1152-1161.

Powell RJ, Simons M, Mendelsohn FO, Daniel G, Henry TD, Koga M,
Morishita R, Annex BH. Results of a double-blind, placebo-controlled
study to assess the safety of intramuscular injection of hepatocyte growth
factor plasmid to improve limb perfusion in patients with critical limb
ischemia. Circulation. 2008;118:58-65.

Powell RJ, Goodney P, Mendelsohn FO, Moen EK, Annex BH; HGF-
0205 Trial Investigators. Safety and efficacy of patient specific intra-
muscular injection of HGF plasmid gene therapy on limb perfusion and
wound healing in patients with ischemic lower extremity ulceration:
results of the HGF-0205 trial. J Vasc Surg. 2010;52:1525-1530.
Hashiya N, Jo N, Aoki M, Matsumoto K, Nakamura T, Sato Y, Ogata
N, Ogihara T, Kaneda Y, Morishita R. In vivo evidence of angiogenesis
induced by transcription factor Ets-1: Ets-1 is located upstream of angio-
genesis cascade. Circulation. 2004;109:3035-3041.

Saito Y, Nakagami H, Morishita R, Takami Y, Kikuchi Y, Hayashi H,
Nishikawa T, Tamai K, Azuma N, Sasajima T, Kaneda Y. Transfection of
human hepatocyte growth factor gene ameliorates secondary lymphedema
via promotion of lymphangiogenesis. Circulation. 2006;114:1177-1184.
Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes FG;
TASC II Working Group. Inter-Society Consensus for the Management
of Peripheral Arterial Disease (TASC II). J Vasc Surg. 2007;45 Suppl
S:85-67.

Global Lower Extremity Amputation Study Group. Epidemiology of
lower extremity amputation in centres in Europe, North America and East
Asia.The Global Lower Extremity Amputation Study Group. Br J Surg.
2000;87:328-337.

Shigematsu H, Yasuda K, Tanabe T. The 20th annual meeting of
Japanese Society for Vascular Surgery. Therapeutic Research.
1992;13:4099-4109.

Kumakura H, Kanai H, Aizaki M, Mitsui K, Araki Y, Kasama S, Iwasaki
T, Ichikawa S. The influence of the obesity paradox and chronic kidney
disease on long-term survival in a Japanese cohort with peripheral arte-
rial disease. J Vasc Surg. 2010;52:110-117.

Matoba S, Tatsumi T, Murohara T, Imaizumi T, Katsuda Y, Ito M,
Saito Y, Uemura S, Suzuki H, Fukumoto S, Yamamoto Y, Onodera R,
Teramukai S, Fukushima M, Matsubara H; TACT Follow-up Study
Investigators. Long-term clinical outcome after intramuscular implanta-
tion of bone marrow mononuclear cells (Therapeutic Angiogenesis by
Cell Transplantation [TACT] trial) in patients with chronic limb isch-
emia. Am Heart J. 2008;156:1010-1018.

Downloaded from http://atvb.ahajournals.org/ at Osaka Daigaku on March 14, 2013

301



International Journal of Cardiology 159 (2012) 34~39

Contents lists available at ScienceDirect

ournal homepage: www.elsevier.com/locate/ijeard =

Overexpression of endothelin-1 and endothelin receptors in the pulmonary arteries
of failed Fontan patients

Hidekazu Ishida 2, Shigetoyo Kogaki **, Hiroaki Ichimori ?, Jun Narita ?, Nobutoshi Nawa 2, Takayoshi Ueno ®,
Kunihiko Takahashi ¢, Futoshi Kayatani ¢, Hidehumi Kishimoto ¢, Masahiro Nakayama ¢, Yoshiki Sawa ",
Maurice Beghetti’, Keiichi Ozono ?

2 Department of Pediatrics, Osaka University Graduate School of Medicine, Osaka, Japan

b Department of Cardiovascular Surgery, Osaka University Graduate School of Medicine, Osaka, japan

¢ Department of Pediatric Cardiology, Osaka Medical Center and Research Institute for Maternal and Child Health, Osaka, Japan

94 Department of Pediatric Cardiac Surgery, Osaka Medical Center and Research Institute for Maternal and Child Health, Osaka, Japan

¢ Department of Clinical Laboratory Medicine and Anatomic Pathology, Osaka Medical Center and Research Institute for Maternal and Child Health, Osaka, Japan
f Pediatric Cardiology Unit, The Children's University Hospital of Geneva, Geneva, Switzerland

ARTICLE INFO ABSTRACT

Background: Endothelin-1 (ET-1), a potent vasoconstrictor, is considered to be implicated in failing Fontan
circulation, however the expressions of ET-1 and endothelin receptor type A (ETaR) and type B (ETgR) in the
pulmonary arteries of failed Fontan patients were not elucidated.

Methods: Immunohistochemistry and quantitative real-time PCR were used to analyse the expression levels of
ET-1 and its receptors in the pulmonary arteries of the autopsy lung tissues of the patients who died after the
Fontan procedure (n=10). We divided these patients into 3 groups, failed Fontan (n=4), heart failure
(n=3) and non-failed Fontan (n = 3), and then compared those to the age-matched normal controls (n=4).
Results: The intra-acinar pulmonary arteries of failed Fontan patients showed significant medial hypertrophy.
Computational optical density analyses of the immunostaining revealed that the expressions of ET-1, ET4R,
and ETgR in the intra-acinar pulmonary arteries were significantly increased in the failed Fontan patients
(P<0.05 vs. normal controls), however no significant difference was observed between the non-failed Fontan
patients and the normal controls. Quantitative real-time PCR analyses confirmed that the mRNA expressions
of ET-1, ET4R, and ETgR were significantly increased in the failed Fontan patients (P<0.05 vs. normal controls).
Conclusion: The overexpression of ET-1 and its receptors in the pulmonary arteries can cause pulmonary
vasoconstriction and vascular remodelling, leading to failed Fontan circulation. This study suggests a histo-
pathological rationale for the potential benefits of endothelin receptor antagonists in patients with failing
Fontan circulation.
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1. Introduction

The Fontan procedure has been a landmark contribution to the
therapeutic strategies for congenital heart disease with single
ventricle physiology. Although the mortality after the Fontan pro-
cedure has decreased, some patients still show failure of the Fontan
circulation, such as protein-losing enteropathy, plastic bronchitis,
severe cyanosis, and low cardiac output, during short-, mid-, and
long-term follow-up. This can result in takedown, cardiac transplan-
tation, and death [1-4]. The outcome of the Fontan procedure
depends on several factors, including pulmonary vascular resistance,
ventricular function, atrioventricular valve regurgitation, thrombosis,
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and arrhythmias. Among these, pulmonary vascular resistance is the
predominant factor for a good Fontan circulation because even a slight
elevation in pulmonary vascular resistance leads to subsequent low
cardiac output [5,6]. Previous histomorphological studies revealed
that significant medial hypertrophy of the pulmonary arteries was
correlated with poor outcome of the Fontan procedure [7,8]. Several
vasoconstrictive substances derived from the endothelium have been
shown to induce medial hypertrophy and increase pulmonary
vascular resistance by promoting the proliferation of vascular smooth
muscle cells. Endothelin-1 (ET-1) is one of the most potent
vasoconstrictive substances, which can increase pulmonary vascular
resistance and also has mitogenic properties. Previous studies
demonstrated that circulating ET-1 levels were elevated in patients
with various types of pulmonary arterial hypertension and even in
patients who underwent a Fontan procedure, and that circulating
ET-1 levels were correlated with the parameters of the pulmonary
haemodynamics in the Fontan circulation {9,10}. ET-1 acts through 2
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